The effect of Cr, B and P addition on microstructure and texture formation was studied in warm rolled at 640 and 710°C interstitial free (IF) and low carbon (LC) steels. Samples were characterised using Electron Back Scattering Diffraction analysis, optical and electron microscopy.
Introduction
The demand for thin and ultrathin rolled products has led to an intensive search for alternatives to conventional hot and cold rolling processes. A number of studies have been undertaken to investigate the advantages of rolling at temperatures between 850 and 500°C in what is known as warm rolling 1) . Because of the lower reheat temperatures, warm rolling leads to lower production costs than hot rolling and requires significantly lower loads than cold rolling 1, 2) . The latter factor means that higher reductions per pass can be produced by warm rolling than by cold rolling due to the lower plasticity of steel at room temperature.
To attain adequate formability of rolled products, strong ͕111͖ textures must be developed after annealing, 3) which are responsible for high mean r-values. However, the r-values of warm rolled and annealed low carbon (LC) steels are low, thereby limiting the use of such steels for many forming operations. This has been attributed to the presence of solute carbon during rolling, which leads to significant dynamic strain aging (DSA). 4, 5) DSA has a strong influence on the strain rate sensitivity, resulting in negative values at lower temperatures and unusually high rate sensitivities at higher temperatures for steel grades containing carbon and/or nitrogen in solid solution.
2) This is due to the high mobility of interstitial atoms at high temperatures, which results in the formation of mobile Cottrell atmospheres and in sharp peaks in the flow stress vs. temperature curves. 6) Such effects are absent in interstitial free (IF) steels. However, IF steels require vacuum degassing and the addition of titanium and/or niobium so that they are significantly more expensive than LC steels. Warm rolling is usually carried out at temperatures above the DSA peak, which correspond to the region of high positive rate sensitivity and therefore a significant drop in the density of in-grain shear bands is observed. These bands are formed at higher strain rates than that of the bulk material and constitute a form of localised flow within a grain. They are usually contained within single deformed grains and are tilted by 20-35°with respect to the rolling plane. Three types of in-grain shear bands: "long", "short" and "intense" have been recognized. 7) The presence of moderate amounts of "long" shear bands in IF steels has been associated with formation of the g-fibre after annealing. 8, 9) By contrast, low carbon steels contain only a small fraction of grains with such shear bands and the textures produced by annealing are then poor.
One approach to increasing the frequency of in-grain shear bands and, as a result, to improving the formability of warm rolled low carbon steels is via alloying. It has been shown [10] [11] [12] that the addition of chromium, which is a strong carbide-forming element, changes their DSA behaviour by creating a plateau in the flow stress-temperature curve, thus lowering the rate sensitivity to levels similar to those of IF steels. Boron additions have also been used to bring this about as this element affects DSA in a manner similar to that of chromium. 13, 14) The addition of phosphorus leads to intense grain boundary segregation in ferritic steels at high temperatures. 13) Such additions can increase the proportion of S3 (coincidence site lattice) boundaries. 15) In this way, it could increase the amount of the desirable ͕111͖ texture component, as these boundaries are centres for the nucleation of g-fibre grains. 16) In fact, the addition of phosphorus has been shown to increase r-value in low carbon steels. 17) The aim of this work was therefore to establish the effect of Cr, P and B additions on the microstructural characteristics of low carbon steel with particular attention being paid to the frequency and morphology of the in-grain shear bands produced by warm rolling.
Experimental Procedure
The chemical compositions of the experimental steels are given in Table 1 . The extra low carbon (LC) and interstitial free (IF) steels were received from Stelco Inc. in Hamilton, Ontario in the form of offcuts from the roughing mill. They had been hot rolled down to a thickness of 101.6 mm at temperatures above 950°C to avoid pancaking of the austenite. Samples 101.6 mm thick, 127 mm wide and 250.4 mm long suitable for warm rolling were prepared from the offcuts. To study the effect of alloying on the microstructure and texture, four low carbon steels with additions of Cr, B, and P were produced using electrolytic iron to decrease the levels of the residual impurities. Ti was added to remove nitrogen from solid solution in the LC(Cr,B,Ti) grade. These steels were prepared by Dofasco Inc. in Hamilton, Ontario and had been hot forged down to blocks 50.8 mm thick, 101.6 mm in width and 152.4 mm in length.
All the samples were reheated for 30 min at 1 050°C; then they were warm rolled to reductions of 65 % in a single pass on the EMR-CANMET pilot mill in Ottawa, Ontario. Temperatures of 640°C or 710°C and average strain rates of 30 s Ϫ1 were employed, after which the samples were water quenched to room temperature.
Samples for optical and scanning electron microscopy (SEM) were sectioned perpendicular to the transverse direction and electropolished in 10 % perchloric acid; they were then etched in 0.2 % nital for 10 min. The ferrite grain thickness was determined using the linear intercept method. For this purpose, at least 20 intercepts were recorded at 150 times magnification. The SEM study was conducted using a JEOL JSM-840 microscope in association with an Oxford Instruments Electron Back Scattering Diffraction (EBSD) system and a LEO 1530 FEG microscope. HKL Channel 5 software was used for analysis of the EBSD data. A rotation angle of 20°was employed to define the grain orientations present.
To establish the orientations of grains containing different types of shear bands, individual grains were marked using a Matsuzawa microhardness tester with a 10-g load before EBSD analysis. Such orientation measurements were carried out using step increments of 0.1 mm along the grain lengths, which generally coincided with the rolling direction. The lattice misorientations along the grain were expressed with respect to the point of origin. Each point on the figures represents cumulative data from 10-30 grains containing the same type of shear band. Pole figures were measured using the Oxford Instruments Opal software. Orientation distribution functions (ODF's) were calculated from the pole figure data using the Channel 5 software. To display the texture, j 2 ϭ45°sections of Bunge's Euler space were used (Fig. 1) . Three fibres were generally observed: the a or RD fibre (͗110͘ axis parallel to the rolling direction); the g or ND fibre (͗111͘ axis parallel to the normal direction) and the e or TD fibre (͗110͘ axis parallel to transverse direction).
The dislocation densities were calculated from the microhardness data, which are directly proportional to the flow stresses. 18) The microhardness values, determined using 25 and 10-g loads, were taken from the centres of grains in order to avoid the hardening effect of grain boundaries. To eliminate the effect of precipitation hardening and estimate only the dislocation density due to the formation of shear bands, the microhardnesses of grains containing conventional short, intense short and intense long shear bands were measured. After that, the differences in hardness between these values and that of a fully recrystallised sample after 5 h of annealing were calculated and squared. Then, the results were subtracted and normalized by dividing all values by the highest.
The samples for TEM study were sectioned perpendicular to the deformation (rolling) direction to examine the deformed microstructure and perpendicular to the transverse direction to study the morphology of the shear bands. Thin Table 1 . Chemical compositions of the steels (wt%). foils were prepared by twin jet electropolishing using a solution of 5 % perchloric acid in methanol at Ϫ30°C and an operating voltage of 50 V. Both bright and dark field images as well as selected area electron diffraction patterns were obtained using a Philips CM20 microscope operated at 200 kV.
Results

Optical Microscopy and EBSD Examination of Warm Rolled Steels
The microstructures of all the steels consisted of a polygonal ferrite matrix. In all the steels, excluding the LC(Cr,P) grade, the ferrite grains were elongated along the rolling direction ( Fig. 2(a) ). In the phosphorus-modified steel, equiaxed grains were also present at both rolling temperatures ( Fig. 2(b) ). Higher carbon content in the LC steel led to the formation of small amounts of pearlite (ϳ2%) at the grain boundaries and in the vicinity of grain triple points (Fig. 2 ). The addition of alloying elements affected the amount of pearlite just perceptibly; boron and phosphorus increased the volume fraction of pearlite slightly (to ϳ4 %). Moreover, increasing the warm rolling temperature from 640 to 710°C led to a decrease in the amount of pearlite for all steels.
The grain thicknesses of the six steels are listed in Table  2 . The ferrite grain thickness in the IF steel was at least three times greater than in the other steels (Table 2 ). An increase in the amount of carbon led to a dramatic decrease in the ferrite grain thickness, with the low carbon steel displaying the lowest grain thicknesses. The laboratory steels alloyed with Cr, B and P were characterised by intermediate ferrite grain thicknesses (Table 2 ). S-shaped curved grains were present in all the steels (Fig. 2(c) ). However, the IF steel contained the smallest number of such grains; conversely the LC and LC(Cr) steels had the highest fraction of such curved grains.
Shear bands were found to form in all the steels. However, the IF steel displayed the highest volume fraction of ferrite grains containing shear bands (Tables 3 and 4 ). An increase in carbon content (to the LC steel level) led to a decrease in the volume fraction of shear bands. The addition of alloying elements (Cr, B and P) reversed this tendency, i.e. it increased the number of grains with shear bands at both rolling temperatures (Tables 3 and 4 Table 2 . Ferrite grain thicknesses measured using the linear intercept method. Table 3 . Percentage of grains containing shear bands and the g-fibre after 640°C rolling (%). Table 4 . Percentage of grains containing shear bands and the g-fibre after 710°C rolling (%). also found that the formation of shear bands depended on the ferrite grain size, i.e. shear bands do not form within fine grains and there is a minimum critical grain size below which shear bands are not observed (Table 2) . Four different types of shear bands were found in the six kinds of steel. The first morphological type consists of continuous parallel lines 5-40 mm long (depending on the grain size); these traverse entire grains and are inclined at ϳϮ15-40°to the rolling direction ( Fig. 3(a) ). This type of shear band is referred to here as a "long" shear band. The second type took the form of discontinuous lines, with lengths of 0.5 to 15 mm; they were restricted to the interiors of grains but their macroscopic orientations were similar to those of the "long" bands ( Fig. 3(b) ). This type is identified here as a "short" shear band.
It was noted that fine grains contained short shear bands of similar lengths, while an increase in grain size was associated with a wider range of short shear band lengths. The IF steel displayed the maximum, while the LC steel demonstrated the minimum range of short shear band lengths. The additions of boron and phosphorus increased the variations in short shear band length.
The third type consisted of two sets of bands: one at 15-40°and another at Ϫ15-40°to the rolling direction in the form of continuous wavy lines and is classified here as a "intense long" shear band (Fig. 3(c) ). The addition of boron to the LC(Cr) steel was observed to change the morphology of the bands into the fourth type. This type has not been described in the literature to date, while the characteristics of the first three have been identified by others.
7) The fourth consists of short discontinuous streaks with lengths of 0.4-7 mm and inclinations of Ϯ5-45°to the rolling direction ( Fig. 3(d) ). This morphology is classified here as an "intense short" shear band.
All the grains containing shear bands were characterised by zones of grain boundary displacement or stepping (Fig.  3) ; these provide evidence for local flow along the bands.
18)
The step heights varied from 0.5 to 2 mm. It was also noted that the displacement zones in the vicinities of intense long and intense short shear bands were greater in height than those near the other types of band. The addition of boron and phosphorus increased the heights of the grain boundary displacement zones.
The addition of alloying elements was observed to affect not only the ferrite grain thickness, but also the volume fraction of grains containing the different types of shear band and the formation of g-fibre. The IF steel was characterised by the largest number of grains with long shear bands at both rolling temperatures (Tables 3 and 4) . The IF steels also had the highest number of grains with g-fibre, 65 % and 67 % in the steels rolled at 640°C and 710°C respectively. Increasing the amount of carbon and decreasing the grain size, as in the LC steel, increased the proportion of grains with the short shear bands. Moreover, the proportion of grains containing intense long shear bands was higher in this material than in the IF grade. The addition of carbon perceptibly decreased the volume fraction of grains with g-fibre (Tables 3 and 4 ). The addition of chromium led to the formation of similar volume fractions of grains with short, long and intense long shear bands at both rolling temperatures (Tables 3 and 4) . This led to an increase in the number of grains with g-fibre to 46-47 % compared with 25-26 % in the LC steel (Tables 3 and 4 ). The addition of boron suppressed the formation of long, short and intense long shear bands and stimulated the formation of intense short shear bands that, in turn, decreased the volume fraction of grains with g-fibre. The addition of phosphorus, on the other hand, increased the long and short shear band frequency and the proportion of grains with g-fibre (Tables 3  and 4 ). In the Cr-B-Ti modified steel, the short, long and intense long shear bands were absent and these were replaced by intense short shear bands.
As mentioned above, the normalised dislocation density was calculated for all steels rolled at 640°C. These results are presented in Table 5 . It is clear that the IF steel displayed the lowest dislocation density, while the commercial low carbon steel had the highest (Table 5 ). The laboratory steels were characterised by moderate values of dislocation density compared with the LC and IF steels (Table 5) . Microhardness measurements of grains containing short and intense short and long shear bands revealed differences in hardness. Grains containing intense short and intense Table 5 . Normalised dislocation density and microhardness data for the six steels rolled at 640°C. long shear bands displayed higher values than grains with conventional short shear bands ( Table 5 ). The misorientation levels along grains containing different shear band types are shown in Figs. 4 and 5. The commercial LC steel displayed the lowest level of misorientation (1-9°) for grains containing short, long and intense long shear bands, while the IF steel exhibited the highest, with the misorientations falling in the range 2-13°for similar share band morphologies and both rolling temperatures. The addition of alloying elements increased the misorientation between shear bands in all the laboratory steels compared with the LC steel. Grains with long shear bands displayed the highest levels of misorientation, while grains with intense short and intense long shear bands had the lowest levels (Figs. 4 and 5) . Grains containing short shear bands exhibited moderate levels of misorientation. Furthermore, the misorientation levels in the material rolled at 640°C were ϳ2-4°higher than in the grains rolled at 710°C.
Typical ODF's of the steels warm rolled at 640°C are given in Fig. 6 . The textures of the six steels all contained the two principal rolling components: the a-fibre with ͗110͘ parallel to the rolling direction and the g-fibre with ͗111͘ parallel to the normal direction (Fig. 6) . The increase in deformation temperature did not change the textures of the steels.
The following relationships were observed between the morphologies of the shear bands and the characteristics of the rolling fibres. The presence of long and short shear bands correlated predominantly with that of the g-fibre, while intense long shear bands were associated with the presence of not only the a and g-fibres but of other texture components as well (Tables 3 and 4 ). The steels containing boron (LC(Cr,B) and LC(Cr,B,Ti)) exhibited somewhat different behaviours. Despite the low fraction of ferrite grains containing the long and short shear bands, these steels displayed high levels of the g-fibre (Tables 3 and 4) . Thus, some grains containing intense short shear bands appeared to contribute to the g-fibre. It is worth noting that some of the fine grains not containing shear bands also contributed to the g-fibre.
TEM Characterisation
TEM micrographs of samples taken from transverse cross-sections revealed the development of the deformed structure in the various steels. The IF steel was characterised by the formation of both elongated microbands and equiaxed subgrains with low angle misorientations ( Fig.  7(a) ). The average width of these subgrains was ϳ0.6Ϯ0.2 mm. The formation of dislocation cells was observed in some of the subgrains. The interiors of the cells were free of dislocations, while the cell walls contained the tangles of dislocations (Fig. 7(a) ). The LC steel also displayed the presence of microbands (Fig. 7(b) ); these had average thicknesses of ϳ0.6Ϯ 0.15 mm and misorientations across them of ϳ2-3°. The addition of chromium increased the widths of the microbands slightly to 0.72Ϯ0.2 mm (Fig. 7(c) ). These microbands again had misorientations of ϳ2-3°. The addition of boron and phosphorus to the chromium steel did not change the sizes of the microbands or the angles of misorientation.
Analysis of the samples taken perpendicular to the transverse direction revealed that parallel microbands were formed at angles of ϳ35°with respect to the matrix microbands ( Fig. 7(d) ). These microbands were formed by a shear mechanism and are identified here as shear bands. These bands are ϳ0.4Ϯ0.1 mm thick. The different morphologies identified by optical and scanning electron microscopy were difficult to distinguish using TEM techniques; nevertheless, the displacements associated with several microbands within a microband sheaf can be seen in Fig. 7(d) .
Carbides were found in all the steels containing alloying additions. These were of two types: (i) the coarse carbides formed at polygonal ferrite grain boundaries and within and between the shear bands (Figs. 8(a) and 8(b) ), and (ii) the very fine particles within microbands (Figs. 8(c) and 8(d) ). Indexing of the diffraction patterns of the coarse carbides revealed that these were of the Cr 23 C 6 type with a cubic structure and a lattice parameter of aϭ10.66 Å. The carbides were 0.16Ϯ0.040 mm in length and 0.07Ϯ0.037 mm in width. It was also observed that the majority of the carbides in the LC(Cr) and LC(Cr,P) steels were located at grain boundaries (Fig. 8(a) ), while in the two steels containing boron, the chromium carbides formed predominantly within the shear bands and at the shear band boundaries (Fig. 8(b) ).
The TEM observations using higher magnifications revealed the presence of very fine particles in all the steels containing alloying additions (Figs. 8(c) and 8(d) ). These particles were readily recognizable as strain-induced precipitates. Two types of chromium carbide were found in all the steels containing chromium: Cr 23 C 6 with a lattice structure similar to that of the coarse carbides; and Cr 3 C 2 with an orthorhombic structure (aϭ5.53 Å, bϭ2.83 Å, cϭ 11.47 Å) (Fig. 8(c) ). In the boron steel, indexing of the diffraction patterns indicated the presence of B 49 C 2 particles with a tetragonal structure (aϭbϭ8.75 Å, cϭ5.09 Å). The precipitates in the LC(Cr) steel were of spherical shape, while those in the LC(Cr,B) and LC(Cr,B,Ti) grades were predominantly elongated. The LC(Cr,P) steel contained both the spherical and elongated carbides. The particle sizes and distances between particles for all the steels with alloying additions were measured as projected onto a ͕111͖ matrix plane and are shown in Table 6 . The largest particles were found in the LC(Cr,P) steel, while the smallest were in the LC(Cr,B) steel. The LC(Cr) steel appeared to have the highest volume fraction of coarse particles, whereas the LC(Cr,B) and LC(Cr,B,Ti) steels displayed the lowest volume fraction of fine carbides ( Table 6 ).
Discussion
The current results have clarified the relationship between alloying addition, shear band morphology and deformation texture. The IF steel displayed the lowest dislocation density and coarsest ferrite grain size due to the absence of alloying additions. Moreover, this steel had the highest level of orientation variation within grains containing long, short and intense long shear bands. This led to the formation of the high density of grains containing shear bands that was linked to the presence of a well-developed g-fibre. An increase in the carbon content and a decrease in purity (e.g. in the LC steel) dramatically decreased the grain size and also increased the dislocation density within the grains. This reduced the number of grains containing shear bands and promoted formation of the a-fibre in place of the g-fibre. Part of dislocation density increase can be associated with an increase in the solute carbon level and therefore with more extensive DSA, but the effect of the finer grain size also appeared to play an important role. Furthermore, the grain size also affects the possibility of shear band formation, the extent of which reduces the strength of the a-fibre.
8) It was observed that there is a minimum critical grain size for shear band formation. This is probably because it is more difficult to form grain boundary steps on fine than on coarse grains.
Chromium, boron and phosphorus additions clearly have important effects on grain size and shear band morphology in the present type of steels. Chromium addition increased the amount of pearlite very slightly, which eliminated some of the carbon from solid solution in the ferrite. This can be one reason for an increase in the proportion of long shear bands and the relative scarcity of both the short as well as the intense long shear bands. In addition, it decreased the severity of the shear bands, which is beneficial as heavy ingrain shear banding is detrimental to formation of the desirable ͕111͖ texture component during annealing. 19) Alloying with Cr also plays a positive role by increasing the fraction of the grains that contain shear bands so that this approaches the values pertaining to the IF steel at the two rolling temperatures. This can again be directly associated with carbon depletion of the ferrite matrix due to the formation of: (i) coarse chromium carbides at grain boundaries and on shear bands; and (ii) fine strain-induced carbides within the microbands and shear bands. Moreover, the LC(Cr) steel contained carbides with the shortest distances between them; this increased the rate of work hardening in the matrix and in turn the tendency for the flow to localise during deformation and form shear bands within the grains. The formation of a high volume fraction of Cr precipitates also removed carbon from solution and in this way lowered the rate sensitivity to levels similar to those of IF materials. 10, 12) This can help to explain the increase in Table 6 . Characteristics of precipitation in the four laboratory steels. the number of g-fibre grains present in this steel compared with the LC steel. The dislocation density was also a little lower in this steel than in the LC grade. This may be associated with the increase in grain thickness and therefore in the number of grains containing shear bands. The addition of boron increased the volume fraction of grains containing shear bands and especially of grains with intense short shear bands compared with the LC steel. Concurrently, it decreased the number of grains containing long and short shear bands of the desirable type. The LC(Cr,B) steel was characterised by the formation of the finest chromium and boron carbides. This was accompanied by a slight decrease in dislocation density and an increase in grain thickness. These changes made it easier for such grains to accommodate the highly localized flow associated with the formation of intense short shear bands.
The LC(Cr,P) steel results were analogous to those for the LC(Cr) grade, i.e. preferential formation of grains with long and short shear bands was evident, while the grains with intense short shear bands were absent. The dislocation densities and grain thicknesses were similar to those in the LC(Cr,B) steel. However, the matrix particles were coarser than in the LC(Cr,B) material. This may have affected shear band formation and further investigation of the effect of P addition on the deformation texture of LC(Cr) steels is required.
The LC(Cr,B,Ti) steel contained a large number of gfibre grains. In this case, the negative effect of boron addition on the rolling texture observed in the LC(Cr,B) grade was compensated by the addition of Ti, which may have led to the formation of TiC or of Ti-C clusters. This affected the ferrite grain thickness and stimulated formation of the g-fibre. However, the attempt to find these particles using TEM analysis proved futile.
As mentioned above, four different morphologies of shear band were observed within the ferrite grains. Microhardness testing showed that grains containing intense short and intense long shear bands had the highest values, while the grains containing conventional short shear bands had the lowest values. Moreover, different levels of misorientation were associated with the different shear band morphologies; i.e. the long shear bands had the highest levels, the short shear bands had moderate levels, while the intense short and intense long shear bands displayed the lowest levels of misorientation.
To summarise, the alloying of low carbon steel with Cr, B and P led to an increase in the volume fraction of grains containing shear bands. The shear band frequency in all of these laboratory steels was intermediate between those of the conventional LC and IF steels. However, only chromium had a positive effect on the morphology of the shear bands. This is because it was the only addition that increased the proportion of long shear bands, which are the ones associated with formation of the g-fibre.
Conclusions
The effect of adding Cr, B and P on the microstructural characteristics of low carbon steel was studied. It was found that:
(1) Ferrite grain size affects the proportion of grains containing shear bands. There is a critical ferrite grain size below which no shear band formation takes place.
(2) Shear bands are present in four different morphologies: (i) short; (ii) long; (iii) intense short and (iv) intense long bands.
(3) The addition of alloying elements to a commercial LC steel increases the volume fraction of grains with shear bands. Chromium and chromium plus phosphorus addition promote the formation of similar amounts of grains containing short, long and intense long shear bands. Boron addition stimulates the formation of intense short shear bands only.
(4) The addition of chromium has a positive influence on the rolling texture due to the presence of carbides and the removal of carbon from solution. This, in turn, reduces the extent of the DSA effect.
